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ROTATIONAL ENERGY TRANSFER IN HIGHLY VIBRATIONALLY EXCITED

HYDROGEN FLUORIDE AND DEUTERIUM FLUORIDE

(Contract No. N00014-79-C-0415)

riricipal Investigator: F. Fleming Crim, University of Wisconsin)

":c ientific Problem

4 _uecular energy transfer is a fundamentally and practically

* n'<{r tu :t process that has received and continues to merit substantial

* .:perimental and theoretical study. One of the most important practical

manifestations of the imortance of collisional energy transfer is in

nemial lasers, where the details of the energy redistribution pathways

control the performance of the device and where mathematical models

L'equire a substantial amount of dynamical and kinetic information. Such

urIfeis are central to understanding and improving the performance of

thl.-se lasers. On a more fundamental level molecular energy transfer

e:poriments are important as sources of data for comparison with

theoretical descriptions of inelastic scattering. In particular,

letailed data on rotational and vibrational energy redistribution in

collisions are the means of testing classical and quantum mechanical

calculations that predict the variation of rates and pathways with

excitation level or quantum number. Despite the rather extensive body

of data on vibrational energy transfer that now exists on molecules in

uw vibrational levels, the theoretical descriptions remain incomplete,

particularly for molecules in which long range forces play a significant

role.

Experimental studies of molecular energy transfer in hydrogen and

deuterium fluoride provide the data for practical models of chemical
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" , ":Dm, isu- to theoretical descriptions. Our approach is

S,,_,".,c e<ciatW i of overtone vibrations to prepare molecules irl

t ti rot.,na sates of highly vibrationally excited hydrogen

. :: e or deuterium fluoride and to use laser double resonance to

.............he populations of individual quantum states during the

,,uent collisional relaxation. These experiments measure individual

:,ion rate corstants and provide the means of unravelling the

4 V1ti ed vibrational and rotational relaxation pathways.

Recent Progress

Our Office of Naval Research funded activities have been in three

br: a areas during the last two years: rotational relaxation,

vinrational relaxation, and hardware development. In these experiments,

6 ns pulse of light from a Nd:YAG/dye laser or the near-infrared

pulse generated by stimulated Raman scattering of the dye laser light

e:-::ites an overtone vibration of hydrogen fluoride, and continuous

infrared radiation from a HF chemical laser probes the populations of

individual vibrational-rotational states of the excited molecule or its

collision partner. A transient digitizer captures the time-evolution ot

the amplification or absorption of the probe laser radiation as it

passes through a cell collinearly with the excitation beam, and

extensive averaging of the signal yields reliable population and rate

information with a time-resolution of about 20 ns. The following

sections discuss the recent experimental results and hardware

development work separately.

I
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s1 I. .-'Hll I f' C lZ fI It ! C
. ., :'::: :: y . .I stu:dyinq the x ,i:f.:" 1J rC I Xe laxation ot

,: .. ' .,h'dr gen f1 uo d, hae I ere t,) unrravel the

. i na5 iu-ldI eni'r fy transfer pathwa'ys in particular, we

:t:.Ie importance of vi a nratJ(n-to--,i ratior, (V-

ii:. .on, rotation (V-T,R) energy transier for

el. . of hydrogen tluoride. The former shuttles

::, -. *.' t:, * initially excited molecule into the

,;iSi l partner,

ti:iL HF(Q) -, F 0HF(v-l) + HF(l),

.. :,e . .- e the c:ollision partner in the same vibrational

., cerqy in translations and rotations of the two

il -111 HFIO) HF/v-1) + HF(O).

,:.,: ::. ?:.: ',: .ydrogen fluoride makes the first process

..... .. .... .. 21 > tio seconc is exothermic. The V-V energy transfer

.:* : :,. 2 nI () therm ic as the vibrational level increases, but

. , r, i:-r becomes less exothermic at higher vibrational levels.

:nat,-e rechinque allows us to monitor the collision

. n rrdr -, list irigoish the two pathways.

4.1-sArk usi ng the time-evolution of the transient

: .,::. n ,all absorptiun of light from the probe laser, operating

,. ,, v-2 in,! '/ .brational levels of HF, following pulsed

-, , f If v 12) shows that about 60% of the relaxation occurs by

•-.V V encl{y transfer route. We have now begun exploring the relative

.i; ,.taI..,, 'I tc,',xe twO fdfthwa'/' in higher vibrational levels by probing

• .p~iat In vn ,I ;ubseqient to excitation of HF(v>2). The key to

-." :r, the roit 'i contributions of the V-T,R and V-V pathways from
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;.-;o m_:' en t.S is .i know1edfde Stf the relaxation kinetics in the

rr o ~:a Ioxi[leveis ' . hus, we ise the ra e constants arid branchinig

i s : c qe have (,i-,'-ined for v=2 in analyzing the data for v=3 and

t u-,. :-i th.se r-sl ts in analyzing higher levels. Our measurements on

* :1?.',- .m~} i ,, vz4, s;no)w that the tractions of the relaxation proceeding

- -':- '~ eaer{:V ? r sf er are about 0.45 and 0. 1 , respectively. The trend

-------------. a i :ract-on of V-V energy transfer with increasing

---: -, . ci is consistent with the growing endothermi. energy

... t nigner viorarional levels. As the V-V process becomes

:.:cessvei'I 0r endothermic, it plays a smaller role in the overall

S Iax~zLao ~Kinet ic.

Thu temperature dependence of the collisional energy transfer

!',I' aad tre uranching between the two relaxation routes is a means of

:voring the factors that determine the relative importance of V-T,R

a .J V-V energy transfer. Our recent study of the temperature dependence

iio vibrational relaxation rate constant for HF(v=2) (J. M. Robinson,

.. Pearson, R. A. Copeland, and F. F. Crim, J. Chem. Phys. 8_2, 780

,1Th85), shows that the rate constant for v=2 decreases more slowly with

tmnperature than that for v=l, where V-T,R energy transfer is the only

6)J :!, 'vjble process, arid than those for v=3,4, and 5, where the V-V

.itn-i is observable but has a large endothermic energy defect.

)eriiled analysis of our data for v=2 shows that the weaker dependence

, me relaxation rate on temperature arises from the prominence of V-V

9 ruYes~s:; in the relaxation of that level. We infer that the efficiency

,,f V-V energy transfer changes more slowly with temperature than does

thu efficiency of V-T,R energy transfer as Figure 1, which displays the

temperature dependence of the two process extracted from our analysis,

illustrates. The origin of the weaker
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Figure 1

" !,A'Jtion of the V -V exitergy transfer rate constant with temperature is

the comnpetition betweeri the decreasing collision duration and the

-increasing availabiity of thermal rotational energy. At higher

temperatures, the shorter collisions provide less opportunity for long

range forces to bring the molecules into close contact for efficient

energy transfer, but the larger average rotational energy leads to more

collisions in which the internal energy of the collision partner makes

up the energy defect for V-V transfer. The competition between these

two effects is not so important for the higher vibrational levels where

V-V energy transfer contributes less.

Collision partners other than HF are important in chemical lasers,

and previously we have used near-infrared laser induced fluorescence to

study the relaxation of HF(v=3,4, and 5) by H2 ,D2,CH4,CD 4, and CO 2. We

U. . .. -
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have 119-W dapp ei cA9:'lce ouble resonance technique to investigate a

potentially very important partnier, the hydgrogei fluoride dimer (K. J.

x~inererJ. M. Rubln)i, R. A. Copeland, and F. F. Crirn, J. Chem.

S(cw be publi4;hed)). At pressures of 50 Torr, ill dimers constitute

9i.J7 )fl2 to two percent of the mnolecules but are significant energy

~r~:,cerpartners if they rapidly relax the vibrationally excited

:::~Ir~r.The decay constants for HF(v=1) extracted from our

f1T~reb~n~iover the range of 10 to 50 Torr show curvature that

r-~e~t~he presence of the diimer. The observed decay constant is

T-1 kM PM +kD D =kM P+kD K

w:er and k 11are the monomer and dimer bimolecular energy transfer

;it ',)nstarits, respectively, and PMand PDare the corresponding

'~e~' rs. a very -good approximation, the dimer pressure is KP 2

where K is the equilibrium constant and P the total pressure. The data

wn in Figure 2 illustrate the influence of the dimer on the pressure

I I * I T[Pressure Dependence of
~HF(v=l) Relaxation29K
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Figure 2



<* , r , the w.~er'vu decay constant. The curvature in the lowest

emperature data '11iies from efficient relaxation of the monomer by the

, Fit t ing i hese data yields the product of the equilibrium

*. ai-.d the i-e axati(jn rate constant of the dimer by the monomer.

]iaer' an extremely efficient collision partner that removes a

... :i'~ l u iii ftom HF(v=l) in only about five collisions. Our

:~ '. o- kinetic analysis shows that this very efficient V-T,R

r :..ti n pro;eeds by a pair of sequential steps in which nearly

,sm.r V V energy transfer from HF(v=I) excites the dimer and it

vrtdlv forts two ground vibrational state monomers by vibrational

e'd i(;:-j vciat ion.

:<'..: onial Relaxation

Oar laser double resonance studies of rotational energy transfer

,. iesined to determined the thermally averaged rate constants for

t , xatin or individual quantum states and to assess the utility of

v ri.us empirical and theoretically based scaling relations in

:,/cting large numbers of unmeasured rate constants from a few known

vaiues. These rate constants and the scaling relations among them have

wviuou utility in modelling systems, such as chemical lasers, where

t-)t.O .mnal state populations are controlled by collisional energy

t.ran- fer. Our extensive experimental studies are described in two

papers (R. A. Copeland and F. F. Grim, J. Chem. Phys. 78, 5551 (1983)

,nd .J. 1]hem. Phys. 81, 5819 (1984)) that present the results and apply

varous scaling relations to the analysis of the laser double resonance

data. The two categories of scaling relations that we use are those



* ;e e ene 47 i t~?t tr the r, tat Lanai energy transfer process,

-: 'w''n;mtn iaererj'y gap and t',e power law models, anid those

* . *~~er ;.. ~td uddeni (ECS) approximation. Both of the

* ia ~dsa. r~irelatinns adequately f it our data, which span the

app'~xmrely six excitation and six independent probe

s~ds shc ~ f sPfiarlt dif ferences in their predictions for the

ii i :i;he le~'t that -are not part of the data set. The most

.a._cIieme'- for reproducing our measurements is the EQS

t:,<iw:~uat1 numdel. This model, which includes angular momentum

a ;tj ito hot are absent in those based solely on energy, gives a

:.I :, tter t-it- to the data for J=O to 6 than the other scaling laws.

L~al,:, the most sucecssful in predicting the results for very high

*ta~mni evels. The ability to extrapolate these EQS approximation

.i~~s>~iiiiglaws beyond the region over which the parameters were fit

.. piite promising for moadels of complex systems.

6:h~areDevelopment

Thlt- qoa), of studying vibrational and rotational relaxation in

ioii-er'i~lifl t(uride using the measurement and data analysis techniques

'ni weha:ve developed for hydrogen fluoride depends crucially on

Se:-:perimenta 1* Vl~~ in ouir laboratory. The two most important

f tesear :,jb~I ~'.t of atur :untinuous chemical probe laser, to

r~ ~xt.1:,5:Ve Tai averaging, and conversion of our laser to

or. mleislr deter.,um. Fur iri the last funding period we have

asnpIoI)1.I- I tnj oais and assembled an ln:Sb detector suitable foi

u in t. h w,.ve length range of deuter iurn fluoride transit ions. We have

al ' w1,7rlire~i expe:rience w" hi longer wavelengrith red dyes and begun

praduw r:g sve mill ijoules of energy in the req iorl ot 1 .8 0J by
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;.stern dramat j-a ly reduces flutuationls in the
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, cl extensive signal averaging required for studying

- .. .u ]euterium fluoride system. Figure 3 illustrates the

-,: ,et bossible with the stabilizer. The figr vs the

. 1.i .l top) and unstabilized signal (bottom) ovk a period
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Figure 3

,,,t V... i;. t.r op.a ,]; have the same full scale amplitude.)
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